A fundamental organizing principle of auditory brain circuits is tonotopy, the orderly representation of the sound frequency to which neurons are most sensitive. Tonotopy arises from the coding of frequency along the cochlea and the topographic organization of auditory pathways. The mechanisms that underlie the establishment of tonotopy are poorly understood. In auditory brainstem pathways, topographic precision is present at very early stages in development, which may suggest that synaptic reorganization contributes little to the construction of precise tonotopic maps. Accumulating evidence from several brainstem nuclei, however, is now changing this view by demonstrating that developing auditory brainstem circuits undergo a marked degree of refinement on both a subcellular and circuit level.
Increasing the topographic organization of synaptic connections via activity-dependent refinement is a major milestone in the maturation of neuronal circuits 1 . In the developing auditory system, experiencedependent refinement of tonotopic maps has been well demonstrated in the auditory cortex and in multimodal-integration brain areas [2] [3] [4] [5] . In contrast, primary auditory circuits in the brainstem are assembled with high topographic (tonotopic) precision early in development and show little evidence of subsequent refinement. This picture is based on a wealth of anatomical tracing studies in both birds and mammals that have shown that growing axons innervate their topographically correct target areas from the outset and do not establish aberrant, transient connections to incorrect nuclei [6] [7] [8] [9] . Likewise, physiological studies indicate that a precise tonotopic organization is present as soon as central auditory pathways can be activated by sound [10] [11] [12] . Even if the formation of a projection is induced by embryonic otocyst (an ectodermal invagination that constitutes the primordium of the internal ear) removal, the projection is tonotopically organized 13 .
Recently, however, this traditional picture of a developmentally predetermined and 'hard-wired' auditory brainstem has undergone a substantial revision. It is becoming increasingly apparent that auditory synapses in the brainstem can express activity-dependent synaptic plasticity [14] [15] [16] and that auditory brainstem circuits undergo an unexpected degree of synaptic reorganization. Here we summarize recent evidence from the cochlear nucleus and primary sound localization circuits ( Fig. 1) that support the view that the emergence of precise tonotopy depends on circuit refinement, and discuss potential underlying mechanisms.
Auditory nerve projections to the cochlear nucleus
Cochlear hair cells, the sensory cells that transform sound energy into electrical signals, are connected to the brain by spiral ganglion neurons whose centrally directed axons form the auditory nerve. After entering the brain, each auditory nerve fiber branches to innervate the three subdivisions of the cochlear nucleus complex: the anteroventral (AVCN), posteroventral (PVCN) and dorsal cochlear nucleus (DCN). Each of these subdivisions is tonotopically organized, with DCN regions being innervated by auditory nerve fibers that arise from apical parts of the cochlea, tuned to high sound frequencies, and ventral cochlear nucleus regions being innervated by auditory nerve fibers arising from the basal (low frequency) part of the cochlea (Fig. 1) . In the developing cochlear nucleus of both mammals and birds, this tonotopic (or cochleotopic) organization is present long before activity in the auditory nerve can be driven by sound stimuli and even before the onset of synaptic activity 17, 18 . This indicates that the cochleotopic organization in the cochlear nucleus is set up by molecular guidance cues that probably include tyrosine kinase receptors and members of the ephrin receptor family [19] [20] [21] .
It has been difficult to demonstrate that these early cochleotopic maps are further sharpened by pruning of auditory nerve branches, although it has been known for 25 years that functional synapse elimination and axonal pruning takes place in the nucleus magnocellularis, the avian analog of the ventral cochlear nucleus 22 . In mature animals, nucleus magnocellularis neurons are innervated by only one or two auditory nerve fibers, which form large and powerful synaptic terminals, the endbulbs of Held, onto the soma of nucleus magnocellularis neurons. This distinct innervation pattern emerges gradually between embryonic day 12 (E12) and E17 by the pruning of auditory nerve fiber branches and the retraction of transient nucleus magnocellularis dendrites 23 . Electrophysiological studies have shown that endbulb synapse elimination is preceded by synaptic weakening and a decrease in the AMPA receptor-mediated quantal size 24 . Conversely, maintained endbulb inputs become stronger by an increase in AMPA receptor-mediated quantal size and the addition of synaptic release sites 24, 25 . The molecular signals or synaptic activity patterns that initiate and maintain weakening or strengthening of endbulbs await further investigation. It is also unknown whether endbulb elimination actually increases the precision of the cochleotopic map, as the frequency tuning of converging fibers is unknown 6 .
Instead, the strongest evidence for refinement of the cochleotopic map in the cochlear nucleus is provided by recent anatomical tracing studies in which small clusters of neighboring spiral ganglion cells were labeled in embryonic and neonatal cats 26 (Fig. 2) . In late embryonic cats, tonotopically similar auditory nerve fibers terminate in welldefined 'isofrequency bands' in all three cochlear nucleus subdivisions. With development, the width of these isofrequency bands increases, as does the size of the cochlear nucleus subdivisions. However, the expansion of isofrequency bands and cochlear nucleus areas was disproportional, as the cochlear nucleus expanded more than the isofrequency bands. As a consequence, the relative width of termination bands decreased, resulting in an increase of the resolution of the cochleotopic map. This refinement was completed by postnatal day 6 (P6), after which termination bands and cochlear nucleus areas expanded at the same rates 27 . Because the peripheral auditory system in cats is still very immature during the first postnatal week and is not capable of supporting hearing at physiological sound levels 28 , this cochleotopic sharpening does not depend on auditory experience. Before hearing onset, however, the auditory nerve discharges in the form of burst-like activity patterns 29, 30 ; these burst-like activity patterns may guide refinement before hearing onset, analogous to the function of spontaneous retinal ganglion cell bursts for the refinement of thalamic circuits 1, 31 (see below).
Synaptic reorganization in sound localization circuits
The major acoustic cues for determining the horizontal direction of incoming sound are interaural sound level differences (ILDs) and interaural time differences (ITDs). The primary binaural nuclei specialized to extract ILDs and ITDs are the lateral superior olive (LSO) and the medial superior olive (MSO), respectively. Similar to the cochlear nucleus, afferent pathways to these nuclei are topographically organized from the earliest stages on 8, 32 (Fig. 1) . In contrast to the cochlear nucleus, however, the developing LSO and MSO show a remarkable degree of synaptic reorganization, a fact that may reflect the challenge of tonotopically aligning the inputs from both cochleae.
Synaptic refinement of a topographic inhibitory map in the lateral superior olive. Neurons in the LSO encode ILDs by integrating excitatory (glutamatergic) inputs from the ipsilateral cochlear nucleus with inhibitory (glycinergic) inputs from the medial nucleus of the trapezoid body (MNTB), which, in turn, is driven by sound at the contralateral ear 33 (Fig. 1) . Both inputs are tonotopically organized and are precisely aligned so that single LSO neurons are excited and inhibited by the same sound frequency. During development, this alignment is accomplished to a large degree without auditory experience because excitatory and inhibitory frequency tuning curves of most LSO neurons in gerbils are already matched at hearing onset (P13-14) 34 . At this age, however, inhibition from the contralateral ear is more effective (that is, has lower thresholds) than in adult animals, and excitatory and inhibitory best frequencies of individual LSO neurons are less precisely matched than in adults. Immaturity of cochlear mechanisms cannot fully account for these differences because an adult-like alignment is present in at least some neurons. Instead, it is likely that reorganization of central pathways contributes to the maturation of binaural responses in LSO neurons. This idea is supported by the pruning of MNTB axon terminals in the LSO and a decrease in the spread of LSO dendrites along the tonotopic axis 32, 35, 36 (Fig. 3a) . This pruning occurs after hearing onset and depends on auditory experience, as cochlear ablation interferes with the pruning process and with the maintenance of a pruned state 37, 38 . In contrast with axonal pruning, on a function level, topographic sharpening of the MNTB-LSO pathway via synaptic silencing occurs long before the onset of hearing 39 and is thus independent of auditory experience. Mapping functional MNTB-LSO connectivity by focal glutamate uncaging demonstrated that the area of the MNTB that provides synaptic input to single LSO neurons (MNTB-LSO areas) shrinks by about 75% during the first postnatal week (Fig. 3b) . This decrease accounts for a twofold narrowing of functional MNTB-LSO maps along the tonotopic axis and is completed around P7, days before hearing onset (in rats P12-14).
The long delay between pre-hearing synaptic silencing and posthearing axonal pruning in the MNTB-LSO pathway is unexpected, considering that synaptic weakening in excitatory pathways is very rapidly followed by structural pruning 24, 40, 41 . Distinct periods of synapse silencing and axonal pruning may reflect the fact that both processes are guided by distinct sets of mechanisms that are available only at specific developmental stages (Fig. 3c) . In support of this idea, synaptic transmission at MNTB-LSO connections differs fundamentally and qualitatively between the periods of silencing and pruning (Fig. 3d) . Most noticeably, during the period of synaptic silencing, GABA and glycine, the inhibitory neurotransmitters released from immature MNTB-LSO synapses, are depolarizing instead of hyperpolarizing 42, 43 . This is a result of a high intracellular chloride concentration in immature LSO neurons that leads to a chloride reversal potential that is more positive than the resting membrane potential 44, 45 . In the LSO, depolarizing GABA/glycinergic terminals can trigger action potentials 46 and activate voltage-gated calcium channels 47 . These calcium responses can be locally restricted in aspiny LSO dendrites 48 , raising the possibility that depolarizing MNTB terminals activate calcium-dependent intracellular cascades involved in changing the strength of GABA or glycinergic synapses [49] [50] [51] [52] in a synapse-specific manner.
In addition to this depolarizing-hyperpolarizing shift, developing MNTB terminals also undergo a transition in their neurotransmitter phenotype from being primarily GABAergic to being glycinergic 43, 53 . This transition in neurotransmitter phenotype occurs gradually and is largely complete around hearing onset. Because GABA, but not glycine, can induce long-term depression of MNTB-LSO synapse 50, 54 , which in many systems is thought to precede synapse elimination, this transient GABAergic phenotype may be crucial for the functional refinement of the MNTB-LSO pathway. Perhaps the most intriguing property of immature MNTB neurons is the transient release of the excitatory neurotransmitter glutamate 55 . Similar to a variety of other neurons that are thought to release neurotransmitters other than glutamate, immature MNTB neurons express vesicular glutamate transporter 3 (refs. 55-57) . At MNTB-LSO synapses, glutamate can activate postsynaptic NMDA receptors, the type of glutamate receptor that has been closely linked to synaptic plasticity and circuit refinement 58 , including the plasticity of inhibitory connections 59 . Notably, glutamatergic co-transmission is most prevalent during the first postnatal week, the period of synaptic silencing when GABA and glycine are depolarizing and when MNTB-terminals co-release glutamate, a combination that enables the activation of NMDA receptors.
Refinement of excitatory inputs to the LSO and emergence of tonotopic alignment. In contrast with the inhibitory MNTB-LSO pathway, much less is known about the development and refinement of the glutamatergic pathway from the cochlear nucleus to the LSO.
Anatomical and physiological studies suggest that excitatory and inhibitory inputs to the LSO mature roughly in parallel 8, 34, 42, 60 , although the development of cochlear nucleus-LSO topography has not been investigated in any detail. In light of the profound reorganization in the MNTB-LSO pathway, one would expect that the cochlear nucleus-LSO pathway is also refined, so that both pathways remain tonotopically aligned. Alternatively, the cochlear nucleus-LSO pathway could form with final precision and act as a template to which MNTB-LSO connections are topographically matched. Determining which of these two strategies is employed is important for establishing a mechanistic framework for tonotopic matching of binaural inputs in the LSO.
Regardless of the exact strategy that underlies tonotopic alignment, the process of alignment predicts the presence of heterosynaptic interactions between both inputs. Few studies have addressed this important question, although several candidate mechanisms exist in the LSO. For example, a possible route by which GABA/glycinergic MNTB-LSO synapses could influence the strength of cochlear In late embryonic and newborn kittens, a frequency-specific termination band is also present. Because cats are still deaf at this age, the emergence of precise topography between the cochlea and the AVCN is established without auditory experience. In newborn kittens, however, the observed width of this termination band (blue) is larger than the expected width (pink) predicted from normalizing termination band size to AVCN size at this age. This indicates that cochleotopic precision increases during development. (c) Population data indicate that isofrequency bands in kittens are about 50% wider than expected, suggesting that auditory nerve termination patterns are tonopically refined. Data are adapted from ref. 26 . NS, not significant. nucleus-LSO synapses is via presynaptic activation of GABA B receptors that are located on glutamatergic cochlear nucleus-LSO synapses 43 . Although it remains to be shown whether GABA release from MNTB terminals can indeed activate these GABA B receptors, the reverse scenario, heterosynaptic inhibition of MNTB-LSO synapses by cochlear nucleus-LSO synapses, was recently demonstrated 61 . High-frequency stimulation of glutamatergic cochlear nucleus axons leads to the 'spillover' of glutamate to MNTB terminals and activates presynaptic metabotropic glutamate receptors 2 and 3. Activation of metabotropic glutamate receptors 2 and 3 decreases the strength of MNTB-LSO synapses via a decrease in the probability of GABA/glycine release. Notably, this heterosynaptic inhibition of MNTB-LSO synapses is most pronounced during the first postnatal week, when silencing of MNTB-LSO synapses is most prominent and when adjustments of functional excitatory-inhibitory maps are expected to be at their peak. In summary, past research provides a detailed picture of the processes by which the MNTB-LSO pathway becomes refined and has identified a palette of possible synaptic mechanisms that may mediate specific steps in this topographic refinement. The major challenge now is to test whether and to what degree these mechanisms are also involved in refining and aligning bilateral inputs to the LSO in the intact brain.
Subcellular and tonotopic reorganization of inhibition in the MSO.
Neurons in the MSO are sensitive to submillisecond differences in the arrival time of synaptic inputs from the two ears. MSO neurons receive converging excitatory inputs from both cochlear nuclei and also receive inhibitory, glycinergic inputs from the MNTB 62 (Fig. 1) . In animals that rely heavily on ITDs for sound localization (gerbil, cat and chinchilla), glycinergic synapses are located primarily on the soma and apical dendrites of MSO neurons. This subcellular organization is thought to increase the precise timing of inhibition, which is important for processing small ITDs 62 . The somatic bias of glycinergic synapses is not present before hearing onset but emerges gradually after hearing onset through the selective elimination of synapses located on distal dendrites 63 ( Fig. 4a) . The specific elimination of dendritic MNTB inputs depends on normal auditory experience, as it is impaired by unilateral cochlear ablation or by rearing animals in omnidirectional noise that reduces binaural cues. Omnidirectional noise rearing also impairs ITD tuning of neurons in the dorsal lateral lemniscus, a major target of MSO neurons, indicating that the subcellular refinement of glycinergic synapses in the MSO is highly relevant for normal auditory processing of MSO neurons 64 . In parallel with the elimination of dendritic glycinergic synapses, there is an increase in the tonotopic precision of MNTB axon terminals by axonal pruning 65 (Fig. 4b) . Similar to the elimination of dendritic synapses, pruning of MNTB axon branches is impaired by omnidirectional noise rearing. Thus, if increased tonotopic precision of MNTB axon terminals occurs primarily through the elimination of synapses on distal dendrites, then the pruning of tonotopically incorrect axons and the elimination of dendritic synapses may represent two facets of the same refinement process.
Because many MNTB neurons send axon collaterals to both the LSO and the MSO 66 , the question arises of whether MNTB axon collaterals in both nuclei are refined by the same rules and synaptic mechanisms. It will be interesting to know whether pruning of MNTB projections to the MSO after hearing onset is preceded by synaptic silencing before hearing onset, as is the case in the LSO 39 , and whether pruning of MNTB axons in the LSO results in a somatic concentration of MNTB-LSO synapses, as suggested by an apparent concentration of glycine receptors to LSO cell bodies 67 .
In contrast with the pronounced subcellular reorganization of inhibitory inputs to the MSO, much less, if any, subcellular reorganization seems to occur in the glutamatergic afferent pathways. In mature MSO neurons, axon terminals from each cochlear nucleus terminate on opposing dendritic trees of bipolar MSO neurons. Axons from the ipsilateral cochlear nucleus contact laterally directed dendrites, whereas axons from the contralateral cochlear nucleus contact medially directed dendrites, an organization that optimizes coincidence detection 68 . This subcellular organization is obvious as soon as developing cochlear nucleus axons invade the MSO and no evidence exists that cochlear (a) Elimination of dendritic glycinergic synapses occurs after hearing onset and depends on normal hearing experience. Before hearing onset, glycinepositive puncta (pink) are found both on the soma and dendrites (blue) of MSO neurons. In adult animals, glycine labeling is restricted to somatic areas. In animals that received unilateral cochlear ablation (UCA), the density of glycinergic synapses on dendrites is increased. Figure is modified nucleus axons transiently contact MSO dendrites on the 'wrong' side 8, 69 , unless degeneration of the pathway is induced by neonatal cochlear ablation and associated neuronal death in the VCN 70, 71 . These results suggest that MSO neurons express molecular markers that prevent cochlear nucleus axons from crossing over to the wrong dendritic tree. In the chicken nucleus laminaris (the avian analog of the MSO), one of these guidance molecules is the EphA4 receptor. EphA4 receptors are differentially expressed in the neuropil that receives ipsilateral inputs and disruption of EphA4 signaling increases the number of cochlear nucleus axons that terminate in the inappropriate neuropil 72 . EphA4 receptor and its ligand, ephrin-B2, may also guide dendritic afferent segregation in the MSO, as both molecules are expressed in the mammalian auditory brainstem, where they are involved in the initial formation of tonotopy 73 .
Development of MNTB circuitry is largely predetermined. The MNTB is the major source of inhibition for both the MSO and LSO. MNTB neurons receive glutamatergic inputs from globular bushy cells in the contralateral cochlear nucleus, which form a giant synapse, the calyx of Held, onto the soma of MNTB neurons. The calyx of Held provides highly secure synaptic transmission with extreme temporal fidelity and is thought to be important for the precise detection of ITDs and ILDs. A wealth of studies indicate that the major steps in the maturation of anatomical and physiological properties of the calyx of Held and of postsynaptic MNTB neurons occur before hearing onset 8, 74 and without spontaneous auditory nerve activity 75, 76 . However, spontaneous auditory nerve activity is required for the establishment of a tonotopic gradient in the expression of voltage-gated conductances in MNTB neurons 76 .
A notable feature of the MNTB is that the vast majority of MNTB neurons are contacted by a single calyx of Held. This one-to-one connectivity is present as soon as calyces form 77 , in stark contrast with other single-fiber innervation patterns, such as the neuromuscular junction 78 or climbing fiber innervation of cerebellar Purkinje 79 cells, for which a single-fiber innervation is achieved by the elimination of supernumerous inputs. Therefore, if elimination or competition between calyceal axons for MNTB targets occurs, this competition takes place when growth cones first target and explore MNTB cells and before the formation of the first discernible proto-calyx.
Role of neuronal activity in tonotopic refinement
Two major questions for understanding the mechanisms that govern the tonotopic refinement of auditory brainstem maps are to what degree and how synaptic activity contributes to this reorganization. Tonotopic refinement of auditory brainstem circuits occurs both before and after hearing onset and evidence exists that both spontaneously generated and sound-evoked neuronal activity patterns are important.
Role of spontaneous activity before hearing onset. Spontaneous patterns of neuronal activity, generated endogenously before the onset of sensory experience, can provide an important instructive signal for the refinement of sensory circuits 1, 31 . In the pre-hearing auditory system, spontaneous bursts of spike activity have been described for the auditory nerve and several brainstem nuclei 29, 30, 80, 81 . These spontaneous action potential bursts originate in the pre-hearing cochlea. Non-neuronal support cells in Kölliker's organ release ATP, which activates purinergic P2X and P2Y receptors on adjacent inner hair cells (IHCs) 82 . Activation of ATP receptors on IHCs leads to depolarizations and the generation of bursts of calcium action potentials, glutamate release onto postsynaptic spiral ganglion processes, and bursts of action potentials in the auditory nerve. Notably, ATP release from support cells synchronized the activity of about 5-10 neighboring (tonotopically similar) IHCs, whereas the activity with more distant (tonotopically different) IHCs is uncorrelated. The synchronized discharge of tonotopically similar auditory nerve fibers and central neurons is perfectly suited to act as a signal for the activity-dependent refinement of topographic maps.
Traditionally, the role of spontaneous activity on auditory brainstem development has been addressed by eliminating spontaneous activity with unilateral or bilateral cochlear ablation. However, denervation of the cochlear nucleus before hearing onset induces a number of pathological changes, including pronounced neuronal cell death in the cochlear nucleus and induction of previously unknown auditory pathways 6, 70, 71 , which makes it difficult to ascribe ablation-induced effects to the sole absence of spike activity. To circumvent this problem, researchers are now increasingly using congenitally deaf mice with defined hair cell defects 83, 84 . However, the consequences of hereditary deafness in auditory brainstem neurons can differ between mouse strains and different mutations probably affect auditory nerve activity in different ways. It will therefore be necessary to characterize auditory nerve activity patterns in vivo at early neonatal ages, which in small mice is technically difficult. Consequently, although available results are consistent with a role for cochlea-generated spontaneous activity patterns in topographic sharpening before hearing onset, experimental proof will rely on the development of new experimental or genetic animal models with defined changes in the level or patterns of spontaneous activity.
Role of sound-evoked activity. The most commonly used approach to investigate the role of auditory experience on auditory brainstem development is abolishing hearing by deafening. A common finding of these studies is that deafening does not abolish the overall topographic organization of auditory brainstem pathways but decreases tonotopic resolution and precision 37, 84, 85 . The magnitude of observed effects varies between pathways and nuclei, which probably also depends on variations in the type of deafening used (cochlear ablation, ototoxic drugs and mutant animals), resolution of analysis (bulk labeling and single-fiber analysis) and species. In addition, deafening in most studies affected both pre-hearing and post-hearing activity, making it difficult to assign the observed effects to impairments in spontaneous versus sound-evoked activity.
Few studies have investigated whether the quality of early auditory experience is important for refining auditory brainstem maps. Rearing gerbils in pulsed broadband noise, a condition that is expected to produce spiking synchronicity across differently tuned auditory nerve fibers, reduces the frequency tuning of neurons in the inferior colliculus 86 . This result is consistent with the idea that precise frequency tuning may depend on competition-based segregation of inputs that are tuned to different frequencies and that, in a natural environment, are not activated synchronously. Another example comes from the MSO, where the subcellular and tonotopic refinement of inhibitory inputs is impaired after early exposure to continuous omnidirectional noise 63, 65 . These findings raise a number of important questions that wait to be addressed. For example, is auditory-experience dependence a property of only binaural nuclei or is it also a property of monaural pathways? What is the exact extent of the critical period during which auditory experience exerts its effect? Are impairments resulting from abnormal experience permanent or can they be reversed?
Conclusions
Although is has become clear that synaptic reorganization is a major step in normal auditory brainstem development, the extent to which this reorganization contributes to the development of auditory processing and ultimately auditory guided behavior is less clear. Initial attempts to link specific deficits in the organization of inhibitory inputs in the MSO to the animal sound localization performance have so far been unsuccessful 87 , but more needs to be done before this issue can be resolved. In light of recent results from human studies that auditory learning and experience can induce changes already on the brainstem level 88, 89 and that specific language impairment or autism disorders frequently are accompanied by deficits in auditory brainstem processing 90, 91 , insight into the mechanisms underlying brainstem plasticity and reorganization will probably have important clinical implications.
